We examined the fish community, water quality, and morphometry of 32 agriculturally eutrophic lakes. Our purpose was to explore the relationships between eutrophication and fish catch per unit effort by weight (CPUE w ) and fish community composition of the six most important species in this suite of the world's most nutrient-rich lakes. We found that the CPUE w of the sum of all species increased with lake trophic status measured as chlorophyll a (r = 0.45, p < 0.009). By dissecting total fish CPUE w into individual species and functional groups, we found that only common carp (Cyprinus carpio) and benthivore CPUE w increased significantly with trophic status (p < 0.03 and 0.001, respectively). Sport fish (principally piscivores) decreased as a proportion of total CPUE w by approximately 50%, while benthivores, primarily common carp, increased by approximately 80% over an increase in cholorophyll a from 10 to 100 µg·L -1 . Common carp CPUE w was correlated with and may have a negative influence on CPUE w of bluegill (Lepomis macrochirus) and black crappie (Pomoxis nigromaculatus) and a positive influence on white crappie (Pomoxis annularis). Our study suggests that species other than benthivores may be unable to exploit increased energy availability in hypereutrophic systems or are competitively excluded from using this increased production.
Introduction
Eutrophication of fresh water lakes is a worldwide problem. Nutrients enter lakes from agricultural lands, animal feedlots, industry, wastewater treatment plants, and lawn fertilizers (Carpenter et al. 1998; Downing et al. 1999 ). This rapid increase in nutrients can cause great changes to lake ecosystems. One important resource that can change through eutrophication is the fish community (Persson et al. 1991) .
Eutrophication can lead to increased energy supply to fish, but it can also lead to shifts in fish community composition. Trophic state variables such as primary production, chlorophyll a, total phosphorus, and total nitrogen have been shown to increase fish production (Hanson and Leggett 1982; Downing et al. 1990; Bachmann et al. 1996) . However, as eutrophication increases, some studies have established a systematic loss of piscivorous fish (Bays and Crisman 1983; Persson et al. 1988; Jeppesen et al. 2000) , while planktivorous (Yurk and Ney 1989; Bachmann et al. 1996) and benthivorous fish have been observed to increase (Persson et al. 1991; Jeppesen et al. 2000) .
A benthivorous fish of particular interest in North America is the common carp (Cyprinus carpio). Carp is an invasive, exotic species and has often been associated with degradation in water quality and biota. They may increase turbidity within the water column by resuspending sediment (Meijer et al. 1990; Breukelaar et al. 1994; Lougheed et al. 1998) , and they can increase nutrient concentrations in lakes directly through excretion (Lamarra 1975) or indirectly through sediment resuspension (Andersson et al. 1978; . Carp may further impact the biota of the ecosystem by uprooting submerged macrophytes while feeding (Crivelli 1983; Ten Winkel and Meulemans 1984) , by decreasing benthic invertebrates (Zieba and Szarowska 1987; Tatrai et al. 1994 ) and zooplankton (Kirk 1991; Lougheed et al. 1998) , and by influencing fish species by disrupting nests or through modification of their habitat (Taylor et al. 1984; Harlan et al. 1987) .
Because fish possess ecological, commercial, and recreational value, the influence of eutrophication on fish catch in lakes and reservoirs is of great significance to fisheries managers. Despite the notable impacts that carp and other benthivores may have on the fisheries of nutrient-rich lakes, few studies have attempted to analyze trends in fish abundance under highly eutrophic conditions and high abundances of benthivores. Several studies have examined lakes that span a broad range of trophic status (Kautz 1980; Bachmann et al. 1996; Jeppesen et al. 2000) and some have included lakes with benthivores such as bream (Abramis brama) and roach (Rutilus rutilus) (Persson et al. 1991; Jeppesen et al. 2000) , but few have examined a range of lakes in which carp are abundant. Jones and Hoyer (1982) investigated nutrient-rich lakes where carp may have been present, but they only quantified sport fish abundances. Because carp are often implicated in the degradation of eutrophic lake ecosystems, it is important to know how both high nutrient supplies and carp abundances influence fisheries.
Our objectives therefore were to (i) examine agriculturally eutrophic lakes to find the best correlates of fish catch, (ii) determine how the fish communities change in composition across a gradient of high nutrient concentration, and (iii) explore correlations between carp abundance and the abundance and composition of fish communities. Lakes in highly agricultural Iowa, USA, are ideal for this analysis because they are among the worlds most nutrient rich (Arbuckle and Downing 2001) , and they frequently have high densities of benthivorous carp.
Methods
The overall approach of our study was to seek correlations between fish catch per unit effort (CPUE) and lake ecosystem characteristics by collecting detailed information of fish CPUE and lake characteristics across 32 eutrophic to hypereutrophic lakes. Fish managers recollect significant management of only a few of these lakes in the 1980s, mostly to eliminate carp. As is typical in this region, none of these management activities altered the species composition for more than a few years. Water samples were collected monthly, May through July 2001, from eight natural and 24 impounded lakes (Fig. 1 ). Water quality variables that were estimated include chlorophyll a, arcsine-transformed percent algal biomass as Cyanobacteria, ammonia measured as the sum of ammonium and un-ionized ammonia, un-ionized ammonia, total nitrogen, total phosphorus, total suspended solids, water transparency, dissolved oxygen, temperature, and specific conductivity. All water samples were collected as integrated samples of the upper mixed zone of each lake. When a thermocline was not present, the entire water column was sampled. Collected water was kept at 4°C and analyzed within 2 days. Macrophytes occur only sporadically and at very low densities in lakes, so they were not included in our water quality assessments.
Total phosphorus and ammonia were analyzed according to standard methods (American Public Health Association et al. 1998) . Total nitrogen was analyzed using second-derivative spectroscopy (Crumpton et al. 1992) . Laboratory analysis of chlorophyll a was conducted using a Turner Designs TD-700 laboratory fluorometer (Turner Designs Inc., Sunnyvale, California) with acetone and magnesium carbonate extraction (American Public Health Association et al. 1998) . Mean estimates of temperature, specific conductivity, and dissolved oxygen were averaged from epilimnetic profiles and were obtained with a YSI 6-Series multiparameter water quality monitor (Yellow Springs Instrument Inc., Yellow Springs, Ohio). Transparency was estimated by Secchi disc depth.
Morphometric variables were collected by Bachmann et al. (1994) and consisted of lake type, lake surface area, mean depth, watershed to lake area ratio, shoreline development index (using equations from Hutchinson 1957) , and water residence time.
Fish CPUE estimates were collected by the Iowa Department of Natural Resources between September and October of 2001. Collection methods were standardized to allow comparisons of fish CPUE among lakes. Fyke nets with 12.2-m lead lines and constructed of 0.6 m × 1.2 m frames with seven 0.6-m-diameter hoops enclosed with 1.9-cm bar mesh netting were used to collect fish. These nets were placed randomly within the littoral zone where water measured up to 1.2 m. Nets were set for 24 h before collection and the amount of effort (net nights) varied with lake area and other factors. Three to 15 nets were set per night in lakes < 40 ha, 5 to 20 nets were set per night in lakes ranging from 40 to 200 ha, and 7 to 28 nets were set per night in lakes >200 ha. The number of nets set per night in each lake was determined from past experience by local fisheries managers as the number required to obtain a reliable estimate of community composition. Because these lakes are very shallow (average mean depth 2.9 m), fyke nets set at approximately half this depth were assumed to obtain a good representation of fish species found in these lakes.
Fish of stock length (>8 cm for most species) or greater were retained because this is the approximate length that fish reach when mature and the length required for fish to be effectively sampled by gear (Murphy and Willis 1996) . Length was measured to the nearest 2 mm, while weight was measured to the nearest 0.5 g. CPUE was determined as an estimate of fish abundance (Murphy and Willis 1996) . From CPUE data and fish weights, we estimated fish catch in grams per net per night (CPUE w ).
Fish data were analyzed by individual species CPUE w , total CPUE w , and CPUE w of species grouped by functional categories, i.e., benthivores and sport fish (primarily piscivores). Total CPUE w consisted of the summed CPUE w of all species: black crappie (Pomoxis nigromaculatus), white crappie (Pomoxis annularis), bluegill (Lepomis macrochirus), chan-nel catfish (Ictalurus punctatus), black bullhead (Ameiurus melas), common carp, largemouth bass (Micropterus salmoides), smallmouth bass (Micropterus dolomieu), yellow bass (Morone mississippiensis), northern pike (Esox lucius), walleye (Stizostedion vitreum), yellow perch (Perca flavescens), green sunfish (Lepomis cyanellus), redear sunfish (Lepomis microlophus), freshwater drum (Aplodinotus grunniens), and yellow bullhead (Ameiurus natalis). Only trends in the first six species were analyzed individually because they were most abundant in these lakes (Harlan et al. 1987) , constituted the majority of the fish CPUE w , and could therefore be estimated with confidence. The species caught more sporadically, precluding systematic analysis of trends in catch, were freshwater drum, northern pike, yellow bullhead, green sunfish, redear sunfish, largemouth bass, smallmouth bass, yellow bass, yellow perch, and walleye. These species constituted <13% of the total CPUE w in most lakes. The sport fish group included black crappie, white crappie, bluegill, and channel catfish. These four species were grouped together because they are important sport fish (Harlan et al. 1987) , they are primarily piscivores, and they are not commonly thought to degrade water quality. The benthivore category consisted of common carp and black bullhead. These fish are benthivorous (Harlan et al. 1987) and have been known to degrade water quality through rooting in sediments for food (Keen and Gagliardi 1981; Breukelaar et al. 1994) . Although channel catfish are also benthivorous fish, they were not included in this category because they primarily eat fish (Pflieger et al. 1975 ), they do not root in the sediments for invertebrates, and they are not commonly categorized as a habitat-degrading species.
Because both natural and impounded lakes were combined in the data set, we used bivariate regression analysis to determine whether water quality, morphometric variables, and CPUE w varied systematically between natural and impounded lakes. Differences in CPUE w that were found between natural lakes and impoundments were principally attributable to differences in lake morphometry and nutrients. This allowed us to combine both types of lakes and perform bivariate regression analysis between all water quality and morphometric variables and fish CPUE w . The two lake types are distinguished by different symbols in graphical analysis and residuals were examined for homoscedasticity with respect to independent variables and outliers (Gujarati 1995) .
Correlation, regression, and variable deletion
Correlations among CPUE w and independent variables were determined as simple Pearson correlation coefficients (Gujarati 1995) . Although correlation analyses were performed using several measures of environmental characteristics, we report the calculated p values without altering them in consideration of multiple comparisons (e.g., Bonferroni correction). There is considerable debate in the statistical literature concerning the necessity or meaning of these corrections in exploratory studies such as this (e.g., Perneger 1998; Moran 2003) ; thus, we follow the advice of Bender and Lange (1999) in labeling our results as exploratory. We also attempted to limit the number of independent variables to those that might logically be expected to influence fish abundance.
Trends in CPUE w were characterized using ordinary least squares regression analysis. We used ordinary least squares rather than orthogonal or "robust" regression (sensu Draper and Smith 1998) , because variances in fyke net estimates of fish catch are very high compared with the variances in independent variables considered here. Results of ordinary least squares and orthogonal regression converge when ratios of variance in dependent to independent variables are large.
Our study lakes are distributed across the landscape, so there is the potential for spatial autocorrelation or spatial patterns altering the interpretation of statistical analyses (Legendre et al. 2002) . We did not employ special spatial statistics in this study because spatial variograms indicated no significant spatial structure in the CPUE w estimates. Indeed, some lakes with the highest CPUE w were near lakes with very low CPUE w .
Because the list of independent variables suggested to effect fish yield is extensive, the number of variables was decreased to minimize the number of potential comparisons and seriousness of multicollinearity. A correlation matrix (see Appendix A) was examined to discard variables that were highly correlated (r > 0.70) (Gujarati 1995) . Water residence time was removed because it was correlated with watershed to lake area ratio (r = 0.89), and Secchi transparency and ammonia (as the sum of un-ionized ammonia and ammonium) were both removed because of close correlations with total suspended solids (r = 0.84 and 0.75, respectively). As a result, we reduced our number of independent variables from 16 to 13.
All variables were log 10 transformed to stabilize the variances, linearize the responses, and normalize the residuals (Draper and Smith 1998) . CPUE w data were log 10 (x + 1) transformed to allow zeros to be included in regressions. Using JMP 5.0 ® (SAS Institute Inc., Cary, North Carolina), bivariate and multiple regression (using stepwise selection) analyses were performed between individual species CPUE w , total CPUE w , and CPUE w of fish categories (i.e., sport fish, benthivores) and all remaining independent variables.
Species composition
To examine changes in fish composition with eutrophication, we performed simple regression analyses between the CPUE w of individual species, sport fish, and benthivorous categories and chlorophyll a. Chlorophyll a was used as an overall measurement of eutrophication because it has been shown to be positively correlated with nutrient concentration (e.g., Jones and Bachmann 1976 ) and photosynthetic production (e.g., Smith 1979 ) and provides an index of lake trophic state (e.g., Carlson 1977) .
We determined the relative importance of individual species, sport fish, and benthivores in the fish community by examining the relationship between the fraction of total CPUE w for each and chlorophyll a concentration. The percentages were arcsine transformed using sin -1 ( x) (where x is the percent composition of fish CPUE w ) to prevent the data from being skewed toward 0% or 100% (Quinn and Keough 2002) .
Carp influences on catch of other species
Because the fisheries literature suggests that carp can have deleterious effects on other fish species (Taylor et al. 1984; Harlan et al. 1987) , bivariate and multiple regression analyses were performed to compare the CPUE w of individual fish and sport fish with carp CPUE w in all lakes and in lakes containing carp.
Results
Lakes surveyed were in the most fertile range of nutrients worldwide (e.g., Downing and McCauley 1992) . Most independent variables spanned a range of more than an order of magnitude (chlorophyll a, un-ionized ammonia, total nitrogen, total phosphorus, total suspended solids, and watershed to lake area ratio) and lake surface area ranged over two orders of magnitude (Appendix B). Because lake mean depth averaged 2.9 m and total phosphorus ranged from 27 to 300 µg·L -1 , these lakes can be classified as shallow, nutrient-rich lakes.
Predictors of fish CPUE w
The ranges of CPUE w for all fish and fish categories are given in Appendix C. As others have found, our study revealed a significant, positive correlation between fish catch and lake trophic status as measured by chlorophyll a (Fig. 2) . Chlorophyll a was a strong correlate (p < 0.01) of total fish CPUE w in bivariate analyses (r = 0.45) ( Table 1) . Other independent variables correlating with the CPUE w of the six major fish species included lake surface area and mean depth (r = 0.50 and -0.37, respectively) ( Table 1) . There were no multivariate relationships of total CPUE w and environmental characteristics that accounted for significantly more variation than the bivariate regressions.
The best correlates of individual species and fish group CPUE w varied with a diversity of lake characteristics. Bluegill CPUE w tended to be highest in small lakes, while the largest CPUE w of carp was found in large lakes (r = -0.39 and 0.53, respectively). Black bullhead and the benthivore group both yielded higher CPUE w in shallow lakes (r = -0.40 and -0.58, respectively). Black crappie and channel catfish CPUE w increased and decreased, respectively, with specific conductivity (r = 0.40 and -0.39, respectively), while the CPUE w of white crappie increased with total suspended solids (r = 0.37) and the sport fish group CPUE w decreased with dissolved oxygen (r = -0.37) ( Table 2) .
Stepwise analyses to determine the best predictors of CPUE w for each fish species and fish category yielded results similar to those found in bivariate analyses for black crappie, white crappie, and channel catfish, while the best predictor for black bullhead switched from mean depth to specific conductivity (r = 0.37) ( Table 2 ). Carp and benthivore CPUE w were the only fish for which the stepwise analyses yielded significant multiple regressions. Carp CPUE w was highest in large, shallow, highly conductive lakes, while benthivore CPUE w was highest in large, shallow lakes with high chlorophyll a concentrations (Table 3) .
Variables related to a gradient of eutrophication were seldom correlated with fish CPUE w . In fact, carp, white crappie, and benthivores were the only fish groups that responded positively to indices of lake trophic status. Chlorophyll a and total nitrogen were positively correlated with carp CPUE w , while total suspended solids correlated positively with the CPUE w of white crappie (r = 0.38, 0.35, and 0.37, respectively) ( Table 2 ). Carp were also partially responsible for the positive correlation between total phosphorus and benthivorous fish (r = 0.40) because carp made up an average 70% of the CPUE w for this group.
Species composition
Benthivore and carp CPUE w increased significantly across a gradient of chlorophyll a (p < 0.001 and 0.03, respectively) (Fig. 3) , while no other species or groups of fish were significantly related to lake trophic status. These results changed when we examined the relative importance of individual species and functional categories, expressed as a percentage of total CPUE w across a chlorophyll a gradient. Benthivore CPUE w , expressed as a fraction of the total CPUE w increased significantly with chlorophyll a, while percent bluegill and sport fish CPUE w decreased significantly (p < 0.05, 0.01, and 0.03, respectively) (Fig. 4) .
Carp influences on catch of other species
Because carp CPUE w became dominant as total fish CPUE w increased (Fig. 5) , there may be a possibility that carp can have deleterious impacts on other fish species. Bivariate analyses revealed a significant increase in white crappie CPUE w and a significant decrease in bluegill CPUE w with carp CPUE w (p < 0.03 and 0.05, respectively) (Fig. 6) .
Stepwise selection analyses indicated that carp CPUE w was not a strong predictor of any individual fish CPUE w .
Because deleterious effects of carp would be expected to be most apparent at high carp standing stock, we also analyzed the relationships between carp and other species in the lakes containing carp. Results of regression analyses from lakes with carp indicated that only black crappie decreased significantly (p < 0.03) (Fig. 6) . Further, stepwise selection analyses found that carp explained a significant additional amount of variance in only the CPUE w of black crappie (R 2 = 0.59, p > 0.005) ( Table 3) .
Discussion
Overall, our study showed that total fish CPUE w increased with lake trophic status, but with weaker correlations and with fewer trophic status variables showing significant trends than other studies. Chlorophyll a was the water quality variable that was best correlated with the total CPUE w (r = 0.45). This result is similar to the results of Oglesby (1977) , Bays and Crisman (1983) , and Bachmann et al. (1996) . They have found total fish catch to increase systematically with chlorophyll a (r = 0.92, 0.67, and 0.52, respectively) in lakes with cholorophyll a ranges similar to ours (1 to >130 µg·L -1 ). Increased fish catch with chlorophyll a is expected because algal primary production fuels the base of the trophic pyramid in these nearly macrophyte-free lakes. This production can benefit all trophic levels above it, including fish. Surprisingly, other variables related to lake trophic status, such as total phosphorus and total nitrogen, were not correlated with total fish CPUE w . This result differs from those of Hanson and Leggett (1982) , Downing et al. (1990) , and Bachmann et al. (1996) , who found that these variables were positively correlated with fish catch, biomass, or production.
The weak correlation with chlorophyll a and lack of correlations with nutrient concentrations may result from several factors. The most likely explanation is due to decoupling of high concentrations of the nutrients nitrogen and phosphorus from production in these lakes receiving high inputs from agricultural land. Because nutrients are so abundant, nitrogen and phosphorus may no longer be primary production limiting resources (Arbuckle and Downing 2001) . Instead, suspended solids may lead to light limitation in some lakes, while nutrients may limit phytoplankton in others. Studies of both algal biomass (Watson et al. 1992 ) and fish catch (Jeppesen et al. 1997 ) have suggested production approaching an asymptote in nutrient-rich systems. In place of nitrogen and phosphorus as the limiting resources in these lakes, other variables such as lake surface area and mean depth could become stronger correlates of total fish CPUE w . This implies that although we see an increase in total fish CPUE w with lake trophic status as measured by chlorophyll a, increases in fish CPUE w may not be as simple as others have found. This may be especially true in agriculturally enriched hypereutrophic lakes where production may be limited by suspended solids, nitrogen, or phosphorus, depending on the configuration of the lake and its watershed. Other potential reasons for lack of correlations between total fish CPUE w and nutrients could be due to the near lack of macrophytes in these lakes or to low statistical power resulting from well-known high within-lake error in estimation of fish catch. Macrophytes add complexity to the lake ecosystem and allow multiple pathways for nutrients to increase habitat and food for fish (Scheffer 1998) . Spatial distributions of fish or errors introduced during collection can increase variability of catch data (Murphy and Willis 1996) and cause low statistical power (Draper and Smith 1998) for the detection of statistical trends.
Correlations of total fish CPUE w with other variables considered to be important to fish were infrequent. Water quality and morphometric variables such as water temperature, dissolved oxygen concentration, Cyanobacteria, un-ionized ammonia, and the shoreline development index may influence fish (Alabaster and Lloyd 1982; Guy and Willis 1995; Paerl et al. 2001 ), but we did not observe significant correlations between total fish CPUE w and these variables. This is likely due to shifts in the fish community toward species tolerant of poor water quality as ecosystems became enriched.
Taxon-specific CPUE w and community composition
The only fish that appeared to capture increased energy from increased lake trophic status were carp and the benthivore group. The CPUE w of carp and benthivores (consisting of an average of 70% carp) were both strongly correlated with chlorophyll a. Carp CPUE w was also correlated with total nitrogen, while benthivore group CPUE w was correlated with total phosphorus. White crappie catch may also increase somewhat with lake trophic status, as indicated by the increase in CPUE w with total suspended solids. These results suggest that only a few taxa respond positively to eutrophication in these lakes and that catches of species that are more economically and socially desirable (i.e., bluegill, black crappie, and channel catfish) do not increase with hypereutrophication.
As eutrophication, measured by chlorophyll a, increased in these lakes, a systematic shift in fish species composition from the desirable sport fish (primarily piscivores) to less desirable benthivores occurred. The CPUE w of carp and other benthivores increased systematically across a chlorophyll a gradient, while sport fish CPUE w showed lit- as N) ; TP, total phosphorus concentration (µg·L -1 as P); TSS, total suspended solids concentration (mg·L -1 ); BLG, bluegill; BLC, black crappie; WHC, white crappie; CARP, common carp; BBHD, black bullhead; CCF, channel catfish; SPORT, sport fish group: summed CPUE w of BLG, BLC, WHC, and CCF; BENTH, benthivore group: summed CPUE w of CARP and BBHD. The slope of the regression line is indicated as "+" for positive and "-" for negative. Only significant correlations (p < 0.05) are listed. Independent variables showing no correlation with fish CPUE w were temperature, un-ionized ammonia, arcsine-transformed percent algal biomass made up of Cyanobacteria, watershed to lake area ratio, and shoreline development index (Murphy and Willis 1996) . Note: Stepwise selection of independent variables was used to obtain the models. Cond, specific conductivity (mS·cm -1 ); Z , mean depth (m); SA, lake surface area (ha); Chl a, chlorophyll a concentration (µg·L -1 ); TP, total phosphorus concentration (µg·L -1 as P); CARP, common carp; BLC, black crappie. BENTH, benthivore group: summed CPUE w of BBHD (black bullhead) and CARP. Only statistically significant multiple regressions (p < 0.05) are shown. Table 3 . Regression models showing the best predictors for species-specific and species group catch per unit effort by weight (CPUE w ) (g·net -1 ·night -1 ) and regression models obtained when common carp CPUE w was added to the list of independent variables in lakes with high carp CPUE w (>180 g·net -1 ·night -1 ).
tle systematic change. Carp and benthivore CPUE w increased by approximately 100% over a chlorophyll a range of 10-100 µg·L -1 . The relative importance (fraction of total CPUE w ) of species also showed that benthivore CPUE w increased by 80% over a range of chlorophyll a of 10-100 µg·L -1 . However, the sport fish and bluegill fraction of total biomass decreased by approximately 50% and 80%, respectively, across the same range of chlorophyll a. Such a shift from sport fish (primarily piscivores) to benthivores agrees with Persson et al. (1991) who found that benthivores (roach and bream) replaced piscivores and eventually dominated ecosystems over a similar chlorophyll a gradient in Europe. Jones and Hoyer's (1982) results differed from ours in that they found that the yield of sport fish increased systematically across a similar chlorophyll a gradient (r = 0.91). Our yields of sport fish did not increase systematically with chlorophyll a. Detailed analysis of our data indicated that Silver Lake was a strong outlier that was very high in chlorophyll a (100 µg·L -1 ) but yielded few fish other than black bullhead. If we categorize black bullhead as a sport fish, as done by Jones and Hoyer (1982) , we also see a positive correlation with chlorophyll a (r = 0.41, p < 0.02). This regression may reveal a species shift from piscivores to benthivores, however, more than an increase in sport fish with increased lake trophic status. Silver Lake has an extremely high concentration of un-ionized ammonia (415 µg·L -1 ), which can be toxic to intolerant fish such as piscivores at concentrations >200 µg·L -1 (Alabaster and Lloyd 1982) . Because black bullheads are more tolerant than piscivores of decreases in water quality, they appear to replace piscivores and make up the entire catch in this lake. Because Jones and Hoyer (1982) did not indicate the fish species yields along the entire trophic gradient, their regres- Fig. 3 . Variation in community composition (estimated from catch per unit effort by weight (CPUE w ) (g·net -1 ·night -1 )) with increasing lake trophic status estimated from chlorophyll a (µg·L -1 ). Solid lines indicate significant regression slopes (p < 0.05), while broken lines indicate nonsignificant relationships (p > 0.05). BLC, black crappie; BLG, bluegill; WHC, white crappie; CCF, channel catfish; CARP, common carp; BBHD, black bullhead; SPORT, sport fish group (i.e., sum of BLC, WHC, BLG, and CCF); BENTH, benthivore group (i.e., sum of BBHD and CARP); Total, total fish (i.e., the summed catch of the all species caught by fyke nets in these lakes). Individual data points are not shown to avoid confusion. sion may not suggest that the most desirable fish will offer high yields in the most eutrophic lakes. Our data indicate that the only species benefiting substantially from increases in lake trophic status are the benthivores.
There are many possible reasons for this shift from sport fish to benthivores in eutrophic lakes. Sport fish (primarily picivores) depend on clear water because they are principally visual feeders (Bruton 1985) . Young-of-the-year piscivores typically rely on zooplankton as a food source, but because large zooplankton are often rare in turbid eutrophic lakes (Jeppesen et al. 2000) , food shortages may limit piscivore growth and recruitment. Benthivores, especially carp, are not limited by turbid water because they are tolerant of great levels of turbidity (>200 g·L -1 ; Alabaster and Lloyd 1982) . They also may not encounter food shortages because zoobenthos may be less impacted than zooplankton under hypereutrophic conditions (Scheffer 1998) . Some sport fish depend on aquatic macrophytes for habitat (Grimm and Backx 1990) , whereas macrophytes often decrease with increased eutrophication (Egertson et al. 2004 ) and carp abundance (Crivelli 1983) . Hypereutrophic ecosystems may therefore represent very poor habitat for sport fish.
Carp influences on other species
Carp CPUE w was strongly correlated with CPUE w of white crappie and bluegill when analyzed across all lakes and with black crappie CPUE w when considering only lakes with carp. This may indicate some antagonism between these species or potential competitive exclusion. The positive correlation between white crappie CPUE w and carp CPUE w may result from white crappies' good adaptation to turbid, shallow waters (Carlander 1977) . On the other hand, bluegills and black crappies, some of the most important sport fishes in the highly eutrophic lakes of the Midwest USA (Harlan et al. 1987) , are both intolerant of continuous high turbidity and siltation and grow best in clear water (Pflieger 1975; Harlan et al. 1987) .
Although the relationship found between bluegill, black crappie, and carp CPUE w could simply be chance correlations owing to contrasting habitat requirements, carp may directly impact these fish by interfering with reproduction and growth. Both bluegill and black crappie build nests in shallow waters (< 0.5-2 m; Harlan et al. 1987) where carp are typically found (Pflieger 1975) . Nests may therefore be in jeopardy of disruption by the benthos-feeding carp. Because white crappie can spawn in deeper waters (1-3 m; Harlan et al. 1987 ), their nests may be able to escape this disturbance. Carp may also impact bluegill and black crappie by decreasing habitat through uprooting macrophytes (Crivelli 1983) , by outcompeting young-of-the-year fish by decreasing zooplankton and aquatic insects Lougheed et al. 1998) , and by resuspending sediment , limiting the ability of bluegill and black crappie to see prey. It is therefore plausible that carp may experience differential success in hypereutrophic ecosystems not only because of their resistance to poor water quality conditions but also because they may competitively exclude other species.
In conclusion, counter to the results of other studies, we found that benthivorous fish were the principal beneficiaries of increased eutrophication in these agriculturally enriched lakes. Benthivorous carp become so dominant that their responses to lake conditions determine the trends of total fish CPUE w . Our study indicates that, with the tremendous increase in eutrophication and carp abundance, species other than benthivores seem unable to exploit the increased energy ); BG, arcsine-transformed percentage of algae biomass made up of Cyanobacteria; W:L, ratio of watershed to lake area; Z , mean depth (m); SA, lake surface area (ha); SDI, shoreline development index (Murphy and Willis 1996) ; RT, water residence time (years); NH4, ammonia (as the sum of un-ionized ammonia and ammonium, NH 3 + NH 4 ); Secchi, Secchi disc transparency (m).
Appendix A Table A1 . Correlation matrix of all independent variables.
